Extinction and latent inhibition each refer to a reduction in conditioned responding: the former occurs when pairings of a conditioned stimulus (CS) and an unconditioned stimulus (US) are followed by repeated presentations of the CS alone; the latter occurs when CS alone presentations precede its pairings with the US. The present experiments used fear conditioning to test the hypothesis that both phenomena involve a similar form of inhibitory learning that recruits common neuronal substrates. We found that the initial inhibitory memory established by extinction is reactivated in the infralimbic (IL) cortex during additional extinction. Remarkably, this reactivation also occurs when the initial inhibitory memory had been established by latent inhibition. In both cases, the inhibitory memory was strengthened by pharmacological stimulation of the IL. Moreover, NMDA receptor blockade in the IL disrupted the weakening in conditioned responding produced by either latent inhibition or extinction. These findings, therefore, indicate that latent inhibition and extinction produce a similar inhibitory memory that is retrieved from the IL. They also demonstrate that the IL plays a wide role in fear regulation by promoting the retrieval of inhibitory memories generated by CS alone presentations either before or after this CS has been rendered dangerous.
Introduction
Successful adaptation requires the ability to learn about predictive relationships between biologically significant events. This capability has routinely been studied through Pavlovian fear conditioning in rodents (Hollis 1984) . In this paradigm, an initially neutral stimulus (conditioned stimulus, CS) is trained to predict the occurrence of an innate source of danger (typically, an aversive foot-shock unconditioned stimulus, US). Thereafter, the CS gains the ability to evoke on its own various conditioned fear responses (CRs) that reflect the qualities of the particular US employed. However, repeatedly presenting the CS in the absence of its US is known to result in the weakening of CRs. Interestingly, this weakening of CRs can occur if CS alone presentations occur after or before the CS is paired with the US.
Extinction refers to the weakening of CRs as a result of postconditioning CS exposure; weakening of CRs as a result of preconditioning CS exposure is known as latent inhibition. Extinction and latent inhibition have generally been considered in isolation, and their underlying mechanisms are thought to be distinct (Lubow 1973; Delamater 2004; Holmes and Harris 2010) . However, the two effects display the same key signature phenomena: CRs that have been extinguished or latently inhibited spontaneously recover with the passage of time, and they are renewed by context shifts Westbrook et al. 2000) . These phenomena, therefore, raise the possibility that the content of the learning produced by extinction and latent inhibition is relatively similar, suggesting the recruitment of common neuronal substrates.
There is wide agreement that the learning produced by fear extinction is essentially inhibitory and that this inhibition requires the infralimbic (IL) region of the ventromedial prefrontal cortex. Permanent lesion, temporary inactivation, and photoinhibition of the IL have typically failed to affect the reduction in CRs across repeated CS alone presentations (i.e., during extinction training) (Lebrón et al. 2004; Laurent and Westbrook 2009; Sierra-Mercado et al. 2011; Do-Monte et al. 2015; Kim et al. 2015) . However, these manipulations all resulted in high levels of CRs when the CS was subsequently tested the following day (i.e., during extinction retrieval). These contrasting results between extinction and its retrieval suggest that the IL is critical in the consolidation, but not the acquisition of extinction. Consistent with this suggestion, various manipulations that disrupted IL activity immediately after extinction training also impaired extinction retrieval (Hugues et al. 2006; Burgos-Robles et al. 2007; Laurent and Westbrook 2009 ). Importantly, the retrieval of an extinction memory also appears to depend on IL function. Presentation of an extinguished CS is associated with increased activity in IL neurons (Milad and Quirk 2002; Knapska and Maren 2009) . In fact, the larger the increase in activity, the more successful extinction retrieval (Milad and Quirk 2002) . Accordingly, photoinhibition or temporary inactivation of the IL during extinction retrieval restores fear to an extinguished CS (Laurent and Westbrook 2009; Kim et al. 2015) . Therefore, such results suggest that the IL promotes the expression of extinction learning via tonic inhibition of fear circuits located in the amygdala (Quirk and Mueller 2008; Ehrlich et al. 2009; Duvarci and Pare 2014) .
Provided the aforementioned possibility that the learning produced by extinction and latent inhibition is similar, it would logically follow that latent inhibition involves a form of inhibitory learning that also recruits the IL. Yet, electrolytic lesion of the ventromedial prefrontal cortex has frequently been shown to have no effect on latent inhibition (Joel et al. 1997; Lacroix et al. 1998 Lacroix et al. , 2000 Schiller and Weiner 2004) . However, such lesion produces damage to other structures, such as the prelimbic cortex, which may mask any effect of IL disruption (Sierra-Mercado et al. 2006) . Furthermore, the same lesion has typically failed to implicate the prefrontal cortex in fear extinction, presumably because of the recruitment of compensatory mechanisms (Gewirtz et al. 1997; Morgan et al. 2003; Garcia et al. 2006) . Thus, the role played by the IL in latent inhibition remains uncertain.
The present experiments were conducted to test the hypothesis that the content of the learning produced in both extinction and latent inhibition involves a form of inhibition that requires activity in the IL. They were designed according to the following assumption: if extinction and latent inhibition produce a similar form of inhibitory learning, memory of this learning should be retrieved when additional extinction training is being administered. In fact, pharmacological stimulation of the IL during retrieval should strengthen the initial inhibitory memory, evidenced by low levels of CRs the following day. Thus, the experiments reported here examined the long-term effects of infusing Picrotoxin, a GABA A receptor antagonist, into the IL prior to extinguishing a dangerous CS. In some rats, this training was preceded by postconditioning CS exposure (extinction); in other rats, this training was preceded by preconditioning CS exposure (latent inhibition). If both extinction and latent inhibition produce similar forms of inhibition, Picrotoxin is expected to facilitate subsequent extinction learning whether animals had received the CS alone presentations before, or after conditioning.
Materials and Methods

Subjects
Subjects were 164 experimentally naïve Sprague-Dawley rats (Rattus norvegicus), obtained from the Animal Resources Centre (Perth, Western Australia). All rats weighed between 350 and 480 g at the commencement of the experiment (age 7-12 weeks). Rats were housed in groups of 8 in plastic boxes (67 × 40 × 22 cm 3 height). The colony room in which they were housed was humidity-and temperature-controlled and kept on a 12 h light/dark cycle (7 AM to 7 PM). All experimental procedures took place within the light cycle. Throughout the experiments, rats had ad libitum access to food and water. Each rat was handled 5 min per day for 5 days before the commencement of the experiment. Rats were treated in accordance with the Australian National Health and Medical Research Council guidelines, and all procedures were approved by the Animal Care and Ethics Committee of University of New South Wales.
Apparatus
In Experiment 1, behavioral training and testing took place in 2 distinct sets of 4 chambers located in 2 different rooms in the laboratory. These served as different contexts, labeled A and B, which were counterbalanced across subjects. The remainder of the experiments used only the first set of chambers. The first set had sidewalls and ceiling made of stainless steel painted white and the front and back walls were clear Plexiglass. The floor was made of stainless steel rods, 2 mm in diameter and spaced 10 mm apart, center to center. The other set of 4 chambers had sidewalls and ceiling made of stainless steel and the front and back walls were clear Plexiglass. The floor of these chambers was composed of stainless steel rods, 7 mm in diameter and spaced 18 cm apart, center to center. All chambers were enclosed in sound-and lightattenuating shells painted black on the insides. Each chamber was equipped with a speaker mounted to the back wall, which allowed for the delivery of a 70 dB white noise and a 620-Hz square wave tone. A white fluorescent light was also mounted to the back wall, which allowed for the presentation of a light flashing at a rate of 2/s in an otherwise dark session. Additionally, all chambers were equipped with a custom-built shock generator, which delivered an unscrambled AC 50-Hz 0.5 mA, 0.5-s shock to the grid floors of each chamber. Both sets of chambers were connected to PC computers located outside the testing rooms which controlled stimulus presentations via Matlab software ver. R2012B (MathWorks). All CS presentations were 30 s in duration with fixed 3 min intervals between the CS presentations. Additionally, all chambers were equipped with cameras connected to DVD recorders that recorded the activity within the chamber.
Drugs
The GABA A antagonist, Picrotoxin (PTX; Sigma), was dissolved in nonpyrogenic saline for a final concentration of 250 ng/µL (Thompson et al. 2010) . The NMDA receptor antagonist, DL-2-Amino-5-phosphonopentanoic acid (DLAP5; Sigma), was dissolved in nonpyrogenic saline for a final concentration of 2.5 µg/µL (Akirav and Maroun 2006) . Nonpyrogenic saline was used as a control vehicle.
Surgery and Drug Infusion
Rats were anaesthetized with isoflurane gas and placed in a stereotaxic frame (Kopf). Rats were treated with an intraperitoneal injection of 0.4 mL (300 mg/kg) solution of procaine penicillin (Ilim Benicillin). An incision was made to expose the skull and lambda and bregma were aligned to the same horizontal plane. Holes were drilled into the skull above the IL cortex using an electric hand drill. Twenty-six gauge double-guide cannulas with center-to-center distance 1.2mm (Plastics One) were implanted and aimed at the following coordinates relative to bregma: A/P: +2.5; M/L: ± 0.6; D/V: −4.0. Guide cannulas were fixed in position with dental cement; dummy cannulas were kept inside each guide cannula at all times except during infusions. Rats were allowed 5 days of recovery before the commencement of behavioral procedures.
At the time of microinfusions, dummy cannulas were removed and 33-gauge double injector cannulas (Plastics One) were inserted into the guide cannula. The injector cannulas were connected to a 25-µL Hamilton syringe attached to an infusion pump (Harvard Apparatus). The injector cannulas were measured to extend 1 mm beyond the end of the guide cannulas. For Experiments 1-3, a total volume of 0.25 µL of PTX or saline was infused. For Experiment 4, a total volume of 0.3 µL of DLAP5 or saline was infused. All infusions were delivered at a rate of 0.1 µL/min and injector cannulas were left in place for an additional minute after the end of the infusion to allow the drug to diffuse. Immediately after the infusion, dummy cannulas were replaced; rats were then immediately placed in the conditioning chambers after infusions. In Experiments 1-3, rats received control infusions 6 h later to control for any effect of the drugs, per se, on subsequent test performance. Specifically, rats in the PTX groups received saline infusions, whereas rats in the saline groups received the PTX infusions.
Histology
At the end of the behavioral procedures, rats were euthanized with a lethal dose of sodium pentobarbital and decapitated. Guide cannulas were removed and their brains were extracted. Forty micro meter coronal cryostat sections were taken through the medial prefrontal cortex, mounted onto slides, and stained with cresyl violet. The locations of the cannula tips were determined by a trained observer unaware of the subjects' group assignment using boundaries defined by Paxinos and Watson atlas (Paxinos and Watson 2007) . Subjects with cannula placements outside the predetermined boundaries were excluded from statistical analysis.
Behavioral Procedures
Experiment 1: Rats were habituated to the contexts for 2 days (2 × 20 min sessions per day) and then to the white noise CS for 1 day (2 × 30 s CS presentations in each context). Rats were given fear conditioning in Context A on day 1. This consisted of 4 presentations of the white noise CS (CS+) each coterminating with a 0.5 mA × 0.5 s foot-shock. Rats remained in the chamber for 2 min following the final CS presentation. The following 2 days, rats were placed into Context B for 37 min each day. Rats in Groups ReExtinction-PTX (ReExt-PTX) and ReExtinction-Saline (ReExt-Sal) were given CS extinction, which consisted of 10 presentations each day of the CS without the foot-shock (CS−). Rats in Groups Extinction-PTX (Ext-PTX) and Extinction-Saline (Ext-Sal) were not given CS extinction and were only exposed to the context on these days. On day 4, rats received microinfusions of PTX (Groups Ext-PTX and ReExt-PTX) or saline (Ext-Sal and ReExt-Sal), and then placed into Context A where they received 6 CS alone presentations.
The following day, rats were tested drug-free in Context A across 5 CS alone presentations.
Experiment 2: After 2 sessions of context, and 2 sessions of CS habituation, rats were conditioned to CS1 and CS2 (tone or flashing light, counterbalanced) in 2 separate sessions (AM and PM). Each conditioning session consisted of 2 CS-shock pairings. On day 2, rats in the Extinction groups (Ext-PTX and ExtSal) were extinguished to CS2, whereas rats in the ReExtinction groups (ReExt-PTX and ReExt-Sal) were extinguished to CS1. Ten CS alone presentations were given across the 37-min session. The following day, rats received reconditioning to CS1 and CS2, which was identical to day 1. On day 4, rats received microinfusions of PTX (Groups Ext-PTX, ReExt-PTX) or saline (Groups Ext-Sal, ReExt-Sal), and then given extinction to CS1. This consisted of 6 CS1-presentations. The following day, rats were tested drug-free across 5 CS1 alone presentations.
Experiment 3: Rats were habituated to the context and to the tone CS, 2 sessions per day for 2 days. On day 1, half of the rats (Groups Pre-Exposure; Pre) were placed in the chambers and were given CS pre-exposure. This consisted of 10 CS alone presentations across the 37-min session. Rats in the No PreExposure groups (NoPre) were placed in the chambers for 37 min, but no CSs were presented. The following day, rats were given fear conditioning, which consisted of 2 CS-shock pairings. On day 3, rats received an infusion of PTX (Pre-PTX, NoPre-PTX) or saline (Pre-Sal, NoPre-Sal) in advance of extinction that consisted in 10 CS alone presentations. The following day, rats were tested drug-free across 5 CS alone presentations.
Experiment 4: The behavioral procedures were similar to those in Experiment 3 except that on day 1, all rats received infusions of DLAP5 (Group DLAP5-Sal) or saline (Groups Sal-DLAP5 and Sal-Sal) in advance of 12 CS alone pre-exposures. Conditioning on day 2 was identical to Experiment 3. On day 3, all rats received extinction to the CS, which was identical to pre-exposure on day 1. Immediately before this extinction session, rats were given either DLAP5 infusions (Group Sal-DLAP5) or saline infusions (Groups DLAP5-Sal and Sal-Sal). Testing on day 4 was identical to Experiment 3.
Scoring and Statistics
The behavior of each rat was rated in a time-sampling manner, in which behavior was judged as either freezing or not freezing every 2 s by a trained observer who was blind to the subjects' group assignment. Freezing was defined as the absence of all movement, except for those related to breathing. A percentage score was then calculated for the proportion of observed time the rat spent freezing. The test data were analyzed by a set of planned nonorthogonal contrasts that controlled the familywise error rate using the Bonferroni inequality procedure (Harris 1994) . Significance was set at the 0.05 level for each family of contrasts tested.
Results
Experiment 1: The Inhibitory Memory Produced in Extinction is Retrieved and Strengthened in the IL
Experiment 1 aimed to confirm that the inhibitory memory produced in extinction is retrieved when additional extinction is conducted. The strategy to reveal this retrieval was to demonstrate that pharmacological activation of the IL strengthens the initial inhibitory memory during additional extinction training. This would be evidenced by a reduction in the amount of CRs displayed during a subsequent test. The design of Experiment 1 is shown in Figure 2A . Rats were initially trained to fear a CS in Context A. Half of the rats then received extinction to the CS (Group ReExt) in Context B, whereas the other half were simply exposed to that context (Group Ext). This was followed by CS extinction for all of the rats under an IL infusion of PTX or saline. Critically, this extinction was conducted in Context A in order to renew the extinguished fear in Group ReExt. This extinction of renewed fear allows for the retrieval of the initial inhibitory memory and its expected strengthening by PTXinduced IL stimulation. Importantly, this effect should only be present in Group ReExt, as Group Ext had never experienced any prior CS extinction. The long-term effects of IL stimulation during initial extinction learning and during extinction retrieval were assessed the following day.
The cannula placements for rats included in the statistical analyses are shown in Figure 1A and a representative image in Supplementary Fig. 1C . Twelve rats were excluded due to misplaced cannula, resulting in the following group numbers: n = Ext-PTX, 10; Ext-Sal, 8; ReExt-PTX, 8; ReExt-Sal, 10. Conditioning in Context A on day 1 was successful, indicated by high levels of freezing at the beginning of extinction on day 2 (Fig. 2B ). Extinction on days 2 and 3 was also successful, as presentations of the CS without the foot-shock decreased freezing levels across the session (F 1,15 = 45.09, P < 0.001; PTX vs. Sal: F 1,15 = 0.26). Renewed fear was extinguished on day 4 in Groups ReExt under PTX or saline; rats in Groups Extinction received their first CS extinction session under PTX or saline (Fig. 2C) . Across this session, Groups Ext froze more than Groups ReExt (Ext vs. ReExt, F 1,31 = 21.91, P < 0.001). This was expected, as rats in Groups ReExt had received CS extinction the previous 2 days in Context B. PTX infusions also significantly reduced freezing during this session (PTX vs. Sal: F 1,31 = 43.28, P < 0.001). However, saline treated rats reduced their freezing across the session, indicating successful extinction in the saline groups (F 1,31 = 5.01, P = 0.03).
At test on day 5, PTX-treated rats in Group ReExtinction (ReExt-PTX) exhibited less freezing than the other groups (Fig. 2D ). Since we expected PTX infusions to only strengthen the retrieved inhibitory memory in Group ReExt, we first compared test performance of the other groups. We found no differences between these groups (Ext-PTX vs. Ext-Sal: F 1,31 < 1; Ext vs. ReExt-Sal: F 1,31 = 3.64). Critically, rats in these 3 groups displayed higher levels of fear than those in Group ReExt-PTX (F 1,31 = 19.99, P < 0.001). These results, therefore, indicate that IL activation during the retrieval of an extinction memory strengthens that memory and facilitates its subsequent retrieval. By contrast, the same activation failed to facilitate the formation of the initial memory produced by extinction.
Experiment 2: Retrieval and Strengthening of an Extinction Memory in the IL is CS Specific
Experiment 1 established that IL activation during extinction retrieval strengthened the initial inhibitory memory and facilitated relearning extinction. However, one possibility is that the effects of PTX were due to the fact that Groups ReExt experienced extinction across multiple contexts. Another possibility is that the facilitation of extinction in Group ReExt-PTX was due to prior experience with extinction in general, and not necessarily the retrieval and strengthening of a specific inhibitory memory. Thus, it is unclear whether the memory of extinction to one CS would be retrieved and strengthened during the subsequent extinction to a different CS. Experiment 2 addressed these issues. The design is shown in Figure 3A . Rats were conditioned to CS1 and CS2; Groups Ext were then extinguished to CS2, whereas Groups ReExt were extinguished to CS1. All rats were then reconditioned to both CSs. The following day, all rats received extinction to CS1 under an infusion of PTX or saline. The important distinction during this second extinction is that Groups Ext received extinction to CS1 for the first time, whereas Groups ReExt received extinction to CS1 for the second time. If it is indeed the case that IL activation retrieves and strengthens a specific inhibitory memory, then a facilitation in extinction learning should only be observed in Group ReExt-PTX, evidenced by lower CRs when tested the following day.
The cannula placements for rats included in the statistical analyses are shown in Figure 1B with representative images in Figure 1 . Location of cannula tips in the IL for all rats included in the behavioral analyses across Experiments 1-4 (A-D, respectively). Distances on the atlas templates are indicated in millimeters from bregma. Supplementary Fig. 1D . Six rats were excluded due to misplaced cannula, resulting in the following group sizes: n = Ext-PTX, 8; Ext-Sal, 9; ReExt-PTX, 9; ReExt-Sal, 8. Conditioning to the 2 CSs was successful; all groups entered extinction on day 2 exhibiting high levels of freezing to CS1 or CS2 (Fig. 3B) . Freezing declined across the extinction session (F 1,30 = 74.44, P < 0.001) and there was no effect of groups (Fs 1,30 < 0.57). Reconditioning on day 3 was also successful; saline treated rats exhibited high levels of freezing at the beginning of second extinction on day 4 (Fig. 3C) . As with Experiment 1, PTX attenuated freezing (F 1,30 = 18.82, P < 0.001), however, there were no statistically significant differences between the 2 drug-treated or the 2 vehicle-treated groups (Fs 1,30 < 0.76).
Rats were tested drug-free the following day for fear to CS1 (Fig. 3D) . As can be seen from the graph, Group ReExt-PTX exhibited less freezing than the 3 other groups. There were no differences between the amounts of freezing in the 2 Ext groups, or between these groups and Group ReExt-Sal (Fs 1,30 < 1.13). However, these groups displayed higher levels of freezing than Group ReExt-PTX (F 1,30 = 7.43, P = 0.01). This indicates that the IL retrieves an inhibitory memory that is specific to the CS undergoing a second extinction; facilitation in extinction was not due to prior extinction, per se, as rats extinguished to CS2 did not show facilitation when subsequently extinguished to CS1 under the drug. Furthermore, the present results reveal that facilitation of extinction can be obtained when extinction and re-extinction occurred in the same context, showing that the facilitation seen in Experiment 1 was not specific to extinction in multiple contexts.
Experiment 3: IL Stimulation Retrieves and Strengthens an Inhibitory Memory Established by Latent Inhibition
The previous experiments assessed the role of the IL in the retrieval of an inhibitory memory by infusion of Picrotoxin prior to additional extinction of either renewed or reconditioned freezing responses. We next aimed to address whether the inhibitory learning that underlies latent inhibition is similar to that which underlies extinction. In Experiment 3, we asked if the inhibitory learning that results from CS pre-exposure occurs in the IL, and whether subsequent CS extinction retrieves the initial inhibitory memory established during preexposure. The design is shown in Figure 4A . Half of the rats were pre-exposed to a CS (Groups Pre), whereas the remaining rats were exposed to the pre-exposed context but did not receive CS alone presentations (Groups NoPre). All rats then received pairings of the CS with foot-shock before experiencing CS extinction under IL infusion of PTX or saline. Finally, rats were tested for fear to the CS drug-free the following day. If inhibitory learning occurs in the IL during CS pre-exposure, then IL activation during extinction of that CS should strengthen the initial inhibitory memory and facilitate its extinction. By contrast, IL stimulation should be ineffective in facilitating extinction to a CS that has not been pre-exposed, replicating the failure to detect a facilitation of extinction by IL stimulation in Experiments 1 and 2.
Cannula placements for rats included in the statistical analyses are shown in Figure 1C and representative images provided in Supplementary Fig. 1E . Six rats were excluded due to misplaced cannula, yielding the following group numbers: n = Pre-PTX, 8; Pre-Sal, 7; NoPre-PTX, 10; NoPre-Sal, 9. On day 1, rats in Groups PreExposure (Groups Pre-PTX and Pre-Sal) were pre-exposed to the CS (Fig. 4B) ; this CS was then paired with foot-shock the following day for all groups. On day 3, rats received microinfusions of PTX or saline and were then given CS extinction (Fig. 4C) . Rats that were given pre-exposure froze less than rats not given pre-exposure (Pre vs. NoPre; F 1,30 = 7.92, P = 0.01), showing that pre-exposure had produced latent inhibition. Also, rats given PTX froze less than those given saline (F 1,30 = 6.89, P = 0.01), again demonstrating an acute effect of PTX on conditioned freezing. There were no interactions between these 2 factors (F 1,30 = 1.43), and overall, freezing declined across the CS alone presentations (F 1,30 = 33.65, P < 0.001).
On test the following day, inspection of the figure (Fig. 4D ) indicates that Group Pre-PTX froze less than rats in the 3 other groups. The statistical analysis confirmed that there were no differences between the levels of freezing in the 2 NoPre groups Figure 4 . IL stimulation retrieves and strengthens an inhibitory memory established by latent inhibition. (A) Design of Experiment 3. Groups Pre were given preexposure to the tone CS; all groups were then conditioned to the tone CS on day 2. Rats were given infusion of PTX or saline on day 3, then given CS extinction. All rats were tested drug-free the following day. (B) Mean percent freezing across pre-exposure on day 1. (C) Mean percent freezing across extinction after infusion of PTX or saline (arrow) on day 3. Animals given pre-exposure exhibited lower levels of freezing during extinction than animals not given pre-exposure (Pre-Sal vs. NoPreSal). PTX infusions attenuated fear responses during this session. (D) Drug-free test on day 4. PTX facilitated extinction of a pre-exposed stimulus, evidenced by lower levels of freezing in Pre-PTX compared with saline controls. However, PTX did not facilitate extinction to a CS that was not given pre-exposure (NoPre-PTX vs. NoPreSal). Error bars denote ± 1 SEM.
(NoPre-PTX vs. NoPre-Sal; F 1,30 < 1), nor was there a difference between these groups and Pre-Sal (F 1,30 = 1.23). Importantly, however, there was a significant difference between the levels of freezing by Group Pre-PTX and the remaining groups (F 1,30 = 15.35, P < 0.001). Thus, two conclusions can be drawn from this experiment: first, inhibitory learning resulting from CS preexposure occurs in the IL; and second, extinction retrieves the initial inhibitory memory established during pre-exposure, such that IL activation facilitates extinction of a latently inhibited CS.
Experiment 4: Latent Inhibition Produces an Inhibitory Memory in the IL
The results of Experiment 3 suggest that the IL is a critical structure in the inhibitory learning that causes latent inhibition. In order to test this, it is essential to demonstrate an impairment in learning after disrupting activity within the region. Therefore, we designed Experiment 4 to assess whether blockade of NMDAr in the IL during pre-exposure would disrupt the weakening of CR produced by CS pre-exposure. The design is shown in Figure 5A and consisted in pre-exposing rats to a CS under either an infusion of the NMDAr antagonist, DLAP5, or vehicle into the IL before pre-exposure. Among rats preexposed under vehicle, half were later extinguished under vehicle (Sal-Sal) and the remainder under an infusion of DLAP5 (Sal-DLAP5) in order to confirm that the drug disrupted the formation of an extinction memory. Rats that had been preexposed under DLAP5 infusion in the IL were extinguished under vehicle (DLAP5-Sal). If the IL is critical for the inhibitory learning that underlies latent inhibition, infusions of DLAP5 during pre-exposure should attenuate latent inhibition, revealed by high levels of freezing at test.
Visualization of cannula placements for rats included in the statistical analyses is shown in Figure 1D and representative images provided in Supplementary Fig. 1F . Five rats were excluded, yielding the following group numbers: n = DLAP5-Sal, 10; Sal-DLAP5, 11; Sal-Sal, 10. In order to ensure latent inhibition, all rats were given 12 CS alone presentations on day 1 (Fig. 5B) . Rats exhibited similar, negligible amounts of freezing regardless of their drug infusion during pre-exposure (DLAP5 vs. Sal: F 1,28 = 1.09). Rats were then conditioned to fear the CS and subsequently extinguished to the CS under DLAP5 or saline (Fig. 5C ). As can be seen from the graph, saline infused rats that had received DLAP5 during pre-exposure froze more across the first 4 extinction trials than those that had received saline during pre-exposure (DLAP5-Sal vs. Sal-Sal: F 1,28 = 5.90, P = 0.02). This shows that infusions of DLAP5 during pre-exposure impaired latent inhibition, confirming our hypothesis that activity in the IL is indeed required for the inhibitory learning that occurs during pre-exposure.
The test data on day 4 are shown in Figure 5D . Rats that experienced pre-exposure and extinction drug-free (Group SalSal) exhibited substantially less freezing than the remaining groups; rats that received NMDAr blockade before CS preexposure or extinction exhibited similar amounts of CR at test. No differences were found among the Group DLAP5-Sal and Group Sal-DLAP5 (F 1,28 < 1). However, there was a significant difference between Group Sal-Sal and the remaining groups (F 1,28 = 20.51, P < 0.001). Thus, the IL is necessary for the formation of the inhibitory memories established by pre-exposure and extinction.
Discussion
Latent inhibition and extinction both refer to a weakening in the ability of a CS to evoke responding produced by repeated presentations of that stimulus either before (latent inhibition) or after (extinction) its pairings with a US (Lubow 1973; Delamater 2004; Holmes and Harris 2010) . Both phenomena exhibit a relative Figure 5 . Latent inhibition produces an inhibitory memory in the IL. (A) Design of Experiment 4. Groups were given pre-exposure to the tone CS under DLAP5 (Group DLAP5-Sal) or saline (Groups Sal-DLAP5 and Sal-Sal); all groups were then conditioned to the tone CS on day 2. Rats then received extinction under DLAP5 (Group Sal-DLAP5) or saline (Groups DLAP5-Sal and Sal-Sal). All rats were then tested drug-free on day 4. (B) Mean percent freezing across pre-exposure on day 1. Arrows indicate infusion of DLAP5 or saline. (C) Mean percent freezing across extinction on day 3. Saline treated animals given pre-exposure under DLAP5 (DLAP5-Sal) entered extinction exhibiting higher levels of freezing than saline treated animals that experienced pre-exposure drug-free (Sal-Sal). (D) Drug-free test on day 4. NMDAr blockade during pre-exposure or extinction impaired long-term fear inhibition, indicated by higher levels of freezing at test than animals that experienced pre-exposure and extinction drug-free (Sal-Sal). Error bars denote ± 1 SEM. fragility in their expression, as shifts in physical or temporal context restore latently inhibited or extinguished responding Harris and Westbrook 2001) . Based on these commonalities, the present series of experiments tested the possibility that the learning produced by extinction and latent inhibition is essentially similar and involves the formation of an inhibitory memory that is stored in and retrieved from the IL. In order to do so, an inhibitory memory was first established by extinguishing or latently inhibiting a CS. Subsequent extinction retrieved this initial inhibitory memory. Evidence of this retrieval was revealed by enhanced extinction learning caused by PTX-induced IL stimulation.
In Experiment 1, we demonstrated that extinguishing renewed fear retrieved the initial extinction memory: IL stimulation during extinction of renewed fear enhanced relearning extinction, but was ineffective in facilitating initial extinction. Thus, an existing inhibitory memory is required in order for IL stimulation to facilitate extinction. This was confirmed in Experiment 2, which further demonstrated that the inhibitory memory retrieved during extinction is specific to the CS. Experiment 2 also showed that the facilitation of extinction produced by PTX in Experiment 1 was not due to the experience of extinction, nor was it due to experiencing extinction across multiple contexts. In Experiment 3, we demonstrated that the inhibitory learning produced by latent inhibition is later retrieved by the IL during extinction; stimulation of the IL during the extinction of a latently inhibited CS facilitated the reduction in CRs produced by extinction, but was ineffective in facilitating extinction of a CS not given pre-exposure. Finally, in Experiment 4, we confirmed that the IL is a critical region in the formation of the inhibitory memory that underlies latent inhibition and extinction: blockade of NMDAr during pre-exposure and extinction impaired the weakening of CRs typically produced by each of these procedures.
The present experiments consistently failed to reveal a facilitation of initial extinction learning after IL stimulation. When administered before first extinction training, IL infusion of PTX reduced the level of fear elicited by the CS, but did not enhance retention of extinction: PTX-treated rats froze as much to the extinguished CS at test as rats that had been infused with saline before their first extinction training. This absence of facilitation contrasts with the ability of electrical stimulation or photo-activation of the IL to facilitate extinction learning when performed across initial training (Milad and Quirk 2002; Milad et al. 2004; Vidal-Gonzalez et al. 2006; DoMonte et al. 2015) . A potential explanation for our failure to detect a PTX-induced facilitation of initial extinction learning is to assume that the drug had locomotor or anxiogenic effects when it is infused before extinction training. Such effects may have disrupted retrieval of extinction learning the following day, masking any facilitation. However, this explanation is highly unlikely as it cannot explain the full extent of our results. If PTX was to influence extinction learning via its acute effect on locomotion or anxiety across training, this influence should be observed whether animals were infused in the IL prior to initial or additional extinction training. This was clearly not the case. Pre-training IL infusion of PTX had no effect on initial extinction but it facilitated extinction of renewed and reconditioned fear. Interestingly, the lack of effect on the processes engaged by initial extinction is consistent with previous studies showing that PTX-induced stimulation of IL activity fails to facilitate initial extinction unless several or prolonged tests are being administered (Thompson et al. 2010; Chang and Maren 2011) . More importantly, this lack of effect of PTX on initial extinction was both expected and essential to our aim, which was to specifically investigate the role of the IL in the retrieval of an inhibitory memory, and not its formation.
As noted previously, extinction learning does require the IL, but its role appears restricted to consolidation and retrieval (Hugues et al. 2006; Burgos-Robles et al. 2007; Laurent and Westbrook 2009 ). In order to avoid any effect on this consolidation process, we chose to manipulate IL activity with PTX, a GABA A receptor antagonist that is characterized by a short half-life (~20 min) (Soto-Otero et al. 1989) . By using this drug, we therefore aimed to restrict any effect of manipulating IL activity to the time of extinction training and not in the period after this training (i.e., during the consolidation window). Our ability to so restrict to this timeframe was confirmed by the absence of a PTX effect on initial extinction learning, and it was also reinforced by 2 additional control experiments. In one experiment ( Supplementary Fig. 2 ), we demonstrated that posttraining IL infusion of PTX does facilitate retention of initial extinction learning, confirming a role for the IL in the consolidation of extinction (Hugues et al. 2006; Burgos-Robles et al. 2007; Laurent and Westbrook 2009; Maroun et al. 2012; Shehadi and Maroun 2013) . In the second experiment ( Supplementary  Fig. 3 ), we showed that pre-training infusion of DLAP5, an NMDAr antagonist with a longer half-life than PTX (Lodge et al. 1988) , was able to disrupt initial extinction learning. Thus, the present experiments do not exclude a role of the IL in the formation of the inhibitory memory produced by initial extinction. Rather, they confirm that this role is restricted to the consolidation of the memory and that pre-training IL infusion of PTX does not affect this process due to its transient pharmacological properties.
Contrasting with its lack of effect on initial extinction learning, IL stimulation consistently facilitated relearning extinction (Experiments 1 and 2). IL infusion of PTX prior to additional extinction training reduced the levels of freezing elicited by the CS during that training, and also during a test administered the following day. Importantly, the ability of PTX to facilitate relearning of extinction was found to be CS specific and insensitive to the type of manipulations (i.e., context shift or reconditioning) used to restore fear to the extinguished CS. The present experiments therefore indicate that the inhibitory memory established during initial extinction is retrieved and strengthened in the IL during additional training. This strengthening is facilitated by PTX infusion, resulting in low level of fear during subsequent test relative to control animals. This finding is particularly interesting as the role of the IL in retrieval and expression of extinction has recently been questioned. Specifically, Do-Monte et al. (2015) reported that muscimol-induced inactivation or optogenetic silencing of IL left extinction retrieval intact. In contrast, others have found that muscimol or optogenetic silencing did impair that retrieval (Laurent and Westbrook 2009; Kim et al. 2015) . The reasons for these discrepancies remain unknown, but procedural differences could have been a factor. Do-Monte et al. (2015) extinguished fear responses to a discrete, auditory CS, whereas Laurent and Westbrook (2009) extinguished fear to a conditioned context. Do-Monte et al. (2015) used optogenetic manipulations to only modulated activity of IL projection neurons, whereas Kim et al. (2015) used such manipulations to modulate activity of all IL neurons. Regardless of the basis for the different results, it seems clear that in some conditions, the IL may only be involved in the retrieval of extinction but not its expression. That said, it is important to note that the present experiments were only concerned with this retrieval. Thus, it is reasonable to conclude that the inhibitory memory produced by extinction is retrieved and strengthened in the IL across additional extinction training.
Although the present experiments provide valuable information about fear extinction, their main contribution rests in new findings concerning latent inhibition. They reveal for the first time that the IL plays a critical role in latent inhibition. Blockade of NMDAr in the IL across CS pre-exposures disrupted latent inhibition, as evidenced by higher levels of freezing during subsequent extinction training than rats pre-exposed to the CS under vehicle (Experiment 4). The present experiments also suggest that the learning produced by latent inhibition is relatively similar to that generated by extinction. For instance, initial extinction learning was also disrupted by NMDAr antagonism in the IL (Experiment 4 and Supplementary Fig. 3 ). But more importantly, IL stimulation facilitated relearning extinction whether initial learning involved extinction or latent inhibition of the CS (Experiment 3). That is, IL infusion of PTX during extinction of a latently inhibited CS or of an already extinguished CS reduced the levels of freezing on a test conducted the following day. This finding suggests that extinction and latent inhibition involve a similar inhibitory memory that can be retrieved and strengthened in the IL during additional extinction training.
The above suggestion raises an important question with regard to the content of the inhibitory memory that is formed by extinction and latent inhibition. Extinction is commonly described as producing an inhibitory link between the CS and its US. This "CS-no-US" association competes with the excitatory CS-US association acquired during conditioning (Delamater 2004; Delamater and Westbrook 2014) . Such a "CSno-US" association is obviously problematic in the context of latent inhibition. Indeed, any inhibition is established at a time (i.e., CS pre-exposures), where the US is yet to be experienced. However, a popular model of latent inhibition proposes that pre-exposure generates a "CS-noevent" association that competes with the subsequent CS-US association. Furthermore, this "CS-no-event" association has recently been described as a form of inhibitory learning similar to that produced by extinction (Westbrook and Bouton 2010) . Nevertheless, such an association remains distinct from that ascribed to extinction (i.e., CS-no-US), as it lacks the sensoryspecific properties of the US coded in the extinction memory. However, there is reason to believe that those sensory properties of the US remain relatively unaffected by extinction. A CS trained to predict food ceases to trigger appetitive CRs after extinction. Yet, this extinguished CS retains the capacity to bias choice toward actions earning the specific food that it used to predict (Delamater 1996) . This implies that the extinguished CS is still able to retrieve information about the sensory-specific properties of its US. This finding suggests that the inhibitory association generated by extinction may be more similar to the CS-no-event produced by latent inhibition than previously thought. Here, we argue that this possibility is in fact consistent with the results of the present experiments, which show that the inhibitory memory established by latent inhibition can be retrieved during subsequent extinction. Accordingly, we propose that latent inhibition and extinction result in a "CS-no-event" inhibitory association that is retrieved by the IL.
Conclusion
The experiments presented here confirm the well-established role of the IL in fear extinction. They showed that the inhibitory memory produced by extinction is consolidated, retrieved, and strengthened in the IL. But more importantly, the present experiments also demonstrate that the IL is required for latent inhibition of fear conditioning. This finding significantly improves our understanding of IL function by extending its role beyond the simple regulation of fear after extinction. Thus, the IL may play a wider role in fear regulation by promoting the expression of inhibitory memories such as those generated by CS alone exposures.
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